The heptapeptide TT-232 is structurally related to the hypothalamic hormone somatostatin and shows promise as an anticancer drug because of its tumorspecific cytotoxic effects. Apart from the ability to induce apoptosis, the synthetic peptide can trigger an alternative pathway that leads to cell cycle arrest in certain tumor cell systems. We found that pulse treatment with TT-232 blocks the cell cycle G 1 /S transition irreversibly in A431 cells. Investigation of the TT-232 signaling pathway yielded results similar to those reported for somatostatin although its affinity to the somatostatin receptor 1 is significantly reduced. We show that functional protein kinase C (PKC) ␦ as well as c-Src are necessary mediators of the TT-232 cytostatic effect and we propose a signaling pathway that leads to cell cycle arrest.
Somatostatin is a natural tetradecapeptide that was originally discovered and characterized as a hypothalamic inhibitor of pituitary growth hormone release (1) . Its physiological roles include the inhibition of insulin, glucagon, gastrin and secretin secretion (2) , and it has also been described as an endogenous antiproliferative agent (3, 4) . Several potent somatostatin analogues have been developed as antisecretory and antiproliferative agents such as Sandostatin, RC-160, and Somatuline (5) .
The somatostatin structural analogue TT-232 is a heptapeptide of a cyclopenta-ring structure: D-PheCys-Tyr-D-Thr-Lys-Cys-Thr-NH 2 that was shown to have strong antiproliferative and apoptotic effects on tumor cells both in vivo and in vitro (6 -8) but did not inhibit growth hormone release or gastrin secretion in vivo. It is presently under phase II clinical trials as a drug against various types of cancer. The signaling mechanisms underlying its strong effects on tumor cells are, however, only poorly understood.
Somatostatin can bind to at least five known receptors, the G i/o -protein coupled somatostatin receptors (SSTR 1-5), whose expression patterns vary amongst diverse cell types (9 -10) . It has been found that somatostatin can trigger different signaling pathways depending on the expressed SSTRs (11) .
Unlike somatostatin, TT-232 binds to SSTR 1 and SSTR 5 (J. Jiang, unpublished results). Since SSTR5 was found to be expressed only in a minor fraction of examined tumor cell lines and tissues (12, 13) , we decided to focus our investigations on SSTR1-related signaling events.
Upon somatostatin stimulation of ectopically expressed SSTR1 in CHO-K1 cells, Florio et al. (14) found decreased cell proliferation accompanied by activation of the ERK/MAPK pathway, which was dependent on the function of phospho-inositide-3-kinase (PI3K). We obtained similar results with TT-232 treatment of A431 and COS-7 cells which both express endogenous SSTR1. It has been demonstrated that PI3K is involved in the activation of protein kinase C (PKC) family members (15, 16) . Since PKC␦ activity was able to inhibit proliferation in several cell lines through cell cycle arrest (17) (18) (19) , we asked whether PKCs and especially PKC␦ play a role in the signaling of TT-232. FACS analysis revealed that the antiproliferative properties of TT-232 are caused by irreversible cell cycle arrest at G 1 /S transition that required functional PKCs and MEK. We were able to show that PKC␦ is activated and translocated to the cell membrane upon TT-232 treatment. Introduction of a dominant negative mutant revealed that PKC␦ is positioned upstream of ERK in the TT-232 signaling pathway.
MATERIALS AND METHODS
Tissue culture and transfection. A431 cells and COS-7 cells from ATCC (Manassas, VA) were maintained in Dulbecco's modified Eagle medium (DMEM) supplemented with 10% fetal calf serum. COS-7 cells were transiently transfected using Lipofectamine Plus according to the manufacturer's instructions (Gibco-BRL, Rockville, MD).
Cell lysis and immunoblotting. Ninety percent confluent cells were starved for 24 h, treated with inhibitors and agonists as indicated, washed once with PBS, and lysed for 5 min on ice in buffer containing 50 mM Hepes, pH 7.5, 150 mM NaCl, 1% Triton X-100, 1 mM EDTA, 10% glycerol, 10 mM sodium pyrophosphate, 2 mM sodium vanadate, 10 mM sodium fluoride, 1 mM PMSF, 10 g/ml aprotinin, and 2 g/ml leupeptin. Lysates were precleaned by centrifugation at 13,000 rpm (10,000g) for 5 min at 4°C. Samples were boiled in SDS sample buffer subjected to gel electrophoresis and transferred to Nitrocellulose in a semi-dry blotting apparatus with 0.8 mA/cm 2 current for 2 h.
Northern blot. Five micrograms total RNA was separated by formaldehyde denaturing agarose gel electrophoresis and transferred to nitrocellulose. The membrane was probed with human SSTR 1 fragment (bp 510 -975) as probe under stringent conditions. ERK/MAPK assay. Epitope-tagged HA-ERK2 was immunoprecipitated from lysates using 12CA5 antibody recognizing the YPYD-VPDYA epitope of influenza hemagglutinin protein (La Roche, Mannheim, Germany). Endogenous ERK2 was immunoprecipitated using a polyclonal anti-ERK2 antibody (Santa Cruz Biotechnology, Santa Cruz, CA). Immunoprecipitates were washed three times with 0.25 ml of HNTG buffer (20) and once with 0.4 ml of MAPK kinase buffer (containing 20 mM Hepes, pH 7.5, 10 mM MgCl 2 , 1 mM DTT, and 200 M sodium vanadate). Subsequently, kinase reactions were performed in MAPK kinase buffer supplemented with 0.5 mg/ml myelin basic protein, 50 M ATP and 1 Ci of (␥-32 P)ATP (3000 Ci/mmol) for 10 min at room temperature. Reactions were stopped, samples were subjected to gel electrophoresis on 15% polyacrylamide gels and were quantified using a Phospho-Imager (Fuji).
Membrane preparation. Cell membranes were prepared as described previously (21) . Briefly, A431 cells were grown in 150-mm dishes to 90% confluency. Cells were washed twice with 5 ml buffer A (0.25 M sucrose, 1 mM EDTA, 20 mM Tricine, pH 7.8) and cells were collected by scraping in buffer A, homogenized with 20 strokes in a 2 ml Wheaton tissue grinder. Following centrifugation at 1000g for 10 min the postnuclear supernatant was layered on top of 30% Percoll in buffer A and centrifuged at 84000g for 30 min. The plasma membrane fraction was a visible band, which was collected with a Pasteur pipette.
c-Src kinase assay. c-Src was immunoprecipitated from cell lysates using anti-c-Src monoclonal antibody (Upstate Biotechnology Inc., Lake Placid, NY). Immunoprecipitates were washed three times with 0.25 ml of HNTG buffer (20) and once with 0.4 ml of Src kinase buffer (containing 20 mM Hepes, pH 7.5, 1 mM MnCl 2 , 1 mM DTT, and 200 M sodium vanadate). Subsequently, kinase reactions were performed in 20 l of Src kinase buffer supplemented with 10 g acid denatured enolase, 50 M ATP and 5 Ci of (␥-32 P)ATP (3000 Ci/ mmol) for 10 min at 30°C. Reactions were stopped by addition of 20 l of 2 times concentrated SDS sample buffer and samples were subjected to gel electrophoresis on 10% polyacrylamide gels and labeled enolase was quantified using a Phospho-Imager (Fuji).
PKC kinase assay. The PKC activity was performed from immunoprecipitates with specific polyclonal PKC␦ (Santa Cruz Biotechnology, Santa Cruz, CA) antibodies. The kinase reaction was performed as described for MAPK assay in a reaction buffer supplemented with 50 g/ml phosphoserine and histone H1 as substrate. Reactions were stopped by addition of 30 l of 2 times concentrated SDS sample buffer, samples were subjected to gel electrophoresis on 15% polyacrylamide gels and phosphorylated histone H1 was quantified using a Phospho-Imager (Fuji).
Flow cytometry. 10 5 cells were plated onto 6-well plates, and after 24 h incubation starved for additional 16 h and treated with inhibitors and TT-232 as indicated and incubated for 8 h in presence of 10% FCS. The monolayer of cultured cells was washed with PBS and trypsinized. Cells were centrifuged and the pellet was resuspended in Ϫ20°C ethanol. After fixation cells were washed once with 200 mM phosphate buffer (pH 7.8), resuspended in the same buffer supplemented with 100 g/ml Rnase A and incubated for 30 min at 37°C. Analysis was performed counting 10,000 cells after propidium iodide staining in a FACScalibur flow cytometer (Beckton-Dickinson).
RESULTS
Experiments were carried out in human A431 and simian COS-7 cell lines which both express endogenous SSTR1 as shown in Fig. 1 . A431 cells were chosen because they are of human origin and express only SSTR1 and no other SSTRs, COS-7 cells were used because of their high SSTR1 expression level. To confirm the assumed analogy of somatostatin and TT-232 signaling, the effect on ERK by TT-232 in A431 cells was tested. As shown in Fig. 2A , the activation of ERK was dependent on the time of stimulation. Activity reached a maximum after about 10 min and declined back to control levels after 30 min. This early event was prevented by treatment with the G-proteincoupled receptor inhibitor pertussis toxin or by the PI3K inhibitor wortmannin (Fig. 2B) .
Florio et al. (14) speculated that c-Src is a mediator of somatostatin/SSTR1 signaling because overexpression of the inhibitory c-Src kinase Csk abrogated the activation of ERK upon somatostatin stimulation. Since Csk does not only inhibit c-Src but also other members of the Src family (22, 23), we chose c-Src specific assays that would allow more definite conclusions. We measured c-Src activity directly in immunoprecipitates of TT-232 treated cells. As demonstrated in Fig. 3A , a 2.5-fold induction of c-Src was found which could be inhibited by pertussis toxin and also by wortmannin. Introduction of c-SrcK297A, a kinase inactive dominant negative mutant of c-Src, completely blocked the TT-232 induced activation of ERK (Fig. 3B) . This indicated that c-Src functions upstream of ERK and is necessary for triggering the ERK/MAPK pathway.
To test the hypothesis that PKCs play a role in TT-232 signaling, we used the PKC inhibitor GF109203X to block TT-232 induced activation of c-Src (Fig. 4A) and ERK (Fig. 4B) . The activity of both enzymes was abolished upon pretreatment of the cells with PKC inhibitor. Therefore, we concluded that at least one PKC isoform that acts upstream of c-Src must be an essential element of the TT-232 pathway.
FACS analysis was employed to confirm that the involvement of PKC in TT-232 signaling is required for the antiproliferative effect of the somatostatin analogue. As already demonstrated in Fig. 2A , TT-232 induced ERK activation declined to basal level within 20 to 30 min of treatment of A431 cells. Therefore, starved cells were pulse treated with TT-232 for 30 min, washed and incubated in 10% FCS for further 8 h to allow them to reenter the cell cycle. As shown in Fig.   5 , the antiproliferative effect of TT-232 was identified to be caused by a cell cycle arrest in G 1 /S phase. After 16 h posttreatment incubation in 10% FCS the cells did not recover but slowly started to undergo apoptosis (data not shown). Thus, the effect of the pulse treatment with TT-232 can be considered as irreversible. Fifteen minutes preincubation with the PKC inhibitor GF109203X completely prevented cell cycle arrest, in agreement with the inability of TT-232 to activate c-Src and ERK after GF109203X pretreatment. Inhibition of MEK with PD98059 had the same effect, which is consistent with the concept that this kinase acts as a downstream mediator of PKC and c-Src. Furthermore, we observed that p21
Cip1 expression was induced in a time dependent manner after treatment with TT-232 (data not shown) in analogy to somatostatin (14) .
Le Good et al. (15) showed that all members of the PKC family can bind the protein kinase B kinase PDK1. However, particularly PKC␦ seemed to be activated by overexpression of PDK1, which required functional PI3K. Therefore, we asked whether PKC␦ is the enzyme that mediates the GF109203X sensitive func -FIG. 3 . Induction of c-Src activity by TT-232. (A) A431 cells were treated with 100 ng/ml pertussis toxin (PTx) for 16 h, or with 100 nM wortmannin (wortm.) for 15 min prior treatment with 50 M TT-232 for 10 min. Cells were lysed, and c-Src activity was measured using enolase as substrate as described above. n ϭ 3 Ϯ SD. (B) Cos-7 cells were transfected with empty expression vector, or plasmid encoding c-Src K297A (1 g/well) together with plasmid encoding HA-ERK2 (250 ng/well). Cells were stimulated with 50 M TT-232 for 10 min prior to lysis and immunoprecipitated HA-ERK2 was subjected to in vitro kinase assay as described. n ϭ 4 Ϯ SD.
FIG. 4. PKC inhibition blocks the induction of c-Src and ERK by
TT-232. Cells were pretreated with the PKC inhibitor GF109203X (0.5 g/ml) for 15 min then treated for 10 min with 50 M TT-232. The activity of immunoprecipitated endogenous c-Src (A) or ERK2 (B) was subjected to an in vitro kinase assay as described above. n ϭ 3 Ϯ SD.
tion of TT-232. PKC␦ was immunoprecipitated from A431 cells and measured for activity upon TT-232 stimulation (Fig. 6A) . The extent of induction was found to be comparable to the known PKC inducer O-tetradecanoylphorbol-13-acetate (TPA) which was included as a positive control. At the same time PKC␣ was found not to be affected by TT-232 (data not shown). Figure 6B shows Western blot analysis of purified cell membrane preparations. Upon TT-232 treatment, PKC␦ (upper panel) but not PKC␣ (lowest panel) is translocated to the membrane, which generally seems to be indicative for PKC activation (24) . Immunoblot analysis with an anti-EGFR antibody was used to confirm equal loading of the samples.
The PKC␦ K376R mutation has already been described for its negative effect on kinase activity of PKC␦ by Li et al. (25) . Therefore, we expressed the mutant protein in COS-7 cells and investigated its impact on the phosphorylation of ERK after TT-232 treatment (Fig. 7) . Mock transfection as well as expression of the wild type form of PKC␦ caused no visible change in the responsiveness to TT-232. The PKC␦ K376R mutant however completely abolished the phosphorylation of ERK after TT-232 treatment, which indicates that PKC␦ is the only PKC family member whose function is required for TT-232 signaling in COS-7 cells.
DISCUSSION
The somatostatin analogue TT-232 has remarkable cytostatic and cytotoxic effects particularly on tumor cells. These are mediated by at least two different pathways leading to apoptosis directly or to cell cycle arrest with apoptosis as a late consequence. When cells are treated with the heptapeptide for 4 to 8 h the apoptotic pathway is induced leading to 70 -100% dead cells after 24 h. Since Vá ntus et al. (26) found no change in the apoptotic effect of TT-232 after pretreat- ment of A431 cells with pertussis toxin, the G-protein coupled SSTRs do not seem to be involved in the apoptotic mechanism. This is supported by the observations that SSTR deficient CHO cells respond to TT-232 treatment with apoptosis (26) and that the PI3K inhibitor wortmannin and the MEK inhibitor PD98059 could not affect the apoptotic pathway in A431 and COS-7 cells.
Binding of TT-232 to SSTR1 leads to the transient induction of ERK activation, which returns to basal level within about 30 min. During this time, the TT-232 signal becomes irreversibly triggered. As shown by our FACS analysis, 8 h after a 30 min treatment, cells were arrested in G 1 /S phase without any detectable apoptosis. These conditions allowed us to investigate the cell cycle arrest independently from the apoptosis pathway, which is only triggered when the cells are incubated with TT-232 for 4 h or longer.
We were able to demonstrate that the mechanism for the cell cycle arrest is fundamentally different from the apoptotic pathway. We related it to somatostatin signaling events mediated by SSTR1 as described by Florio et al. (14) .
We propose a model where TT-232 binds to SSTR1 which leads to the dissociation of a receptor coupled G i/o protein. Subsequent release of the G␤␥ protein complex activates PI3K (27) . The PI3K product phosphatidylinositol-3,4,5-trisphosphate can induce the activity of PKC␦, which thereby translocates to the cell membrane. Furthermore, Le Good et al. (15) suggested the involvement of the protein kinase PDK1 in the activation of PKCs by phosphorylation. Taken together, this suggests that PI3K lipid products also recruit and activate PDK1, which in turn phosphorylates PKC␦. For the activation of PKC␦ both, membrane translocation and phosphorylation are required. It is still not clear how c-Src is controlled by PKC␦, but we could clearly show that c-Src is downstream of PKC␦ and that it is required for the TT-232 pathway like PKC␦ itself. c-Src is a known activator of the Sos/Ras complex and the downstream MEK/ERK cascade. We provide evidence that the activation of the ERK/MAPK pathway by TT-232 inhibits the cell cycle. As it has been shown different stimuli of the MEK/ERK pathway can lead to the de novo expression of p21
Cip1 , a suppressor of Cdks and thus a cell cycle inhibitor (28 -30) . We observed that p21
Cip1 expression was induced upon treatment with TT-232 (data not shown) in analogy to somatostatin (14) . We speculate that the synthesis of p21
Cip1 requires a time interval of several hours, which would explain the delay of the cell cycle arrest after TT-232 treatment and the comparably fast subsequent signaling steps.
Since TT-232 has obviously more than one effector molecule, the signaling of the somatostatin analogue is likely to depend on the expression patterns of SSTRs and/or putative alternative binding partners, which might be located inside the cells and still have to be identified.
The somatostatin analogue TT-232 thus exhibits an ambivalent signaling capacity. Conception of such phenomena will generally improve our understanding for cellular mechanisms, their ramifications and our capacity to influence them.
